This paper addresses a reflection-type dual-band 2-bit coding metasurface (CM) design to achieve the dual-band functionalities in two different operating bands, independently. We are particularly interested to control linearlypolarized incident waves by encoding the propagation / dynamic phase in order to realize and fully control the orbital angular momentum (OAM) vortex beam (VB) for dual-band, independently. In this regard, we perform digital addition operations to combine the coding sequences of traditional OAM and phase-gradient to construct the proposed CM. The proposed CM generates and steers the OAM-VB with different topological charges ( l ) in both lower ( l f ) and higher ( h f ) bands, independently. Similarly, the proposed CM is further extended for OAM-VB shaping by combining the coding sequences of traditional OAM and splitting phase unit-cells, and, we discuss two different scenarios. Firstly, OAM-VB splitting is performed to achieve different ' l ' in both lower and higher bands, independently. Secondly, quad-beam shaping is realized to verify the proposed concept of this paper.
Introduction
Orbital Angular Momentum (OAM) carried by vortex beam (VB) is increasingly recognised as an important dimension in the field of communication optics. The phase profile of OAM is described by the ' exp( ) il ', in which the topological charge ' l ' can be any integer value [1] [2] [3] [4] . This unlimited freedom of ' l ' provokes the larger information capacity. Thus, OAM-VB has various potential applications in antennas and radio communication to increase the communication capacity without broadening the bandwidth [5, 6] . The generation of OAM-VB has been investigated in the microwave bands [7] [8] [9] [10] and optical domain [11] [12] [13] . In addition, several good approaches exist for OAM-VB generation including circular phased array antenna [14] [15] [16] [17] , spiral parabolic antenna [18] [19] [20] , and spiral phase plate (SPP) [21, 22] . Recently, metasurfaces (MS) provided a novel route to successfully generate the OAM beams [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] having more advantages compare to the conventional methods such as: easy-to-fabricate, light weight, and ultrathin profile [37, 38] etc.
In general, MS acts as a lens or a reflector in OAM-VB generation. In which the transmission and (or) reflection phase of the incident wave can be easily tailored to satisfy the phase-condition of OAM-VB by properly adjusting the rotation angle / size of the MS's elements. Curiously, traditional MS does not resolve the basic problem to generate flexible and multiple OAM-VB with different angles. To overcome this, the codingmetasurface (CM) [39] concept was proposed that creates link between the digital codes and MS particles to realize the powerful manipulation of electromagnetic (EM) waves using simple coding sequences. Since then, various functionalities [39] [40] [41] [42] [43] [44] [45] [46] [47] [48] have been obtained by simply implementing the corresponding coding sequences, i.e., beam focusing [43, 44] , beam steering [42] [43] [44] , random EM-wave scattering [47] , beam shaping [39, 48] and OAM-VB generation [49] [50] [51] etc. Further ahead, passive MS [43, 44, 48, 52, 53] were investigated to fulfil the demand of multi-functional devices. On the other hand, these passive MS designs are hard to be electronically controlled. In order to address these flaws of passive MS, active MS [54] [55] [56] approach is employed involving multi-band and multi-functional applications. Similarly, more endeavours have been made to improve the bifunctional MS opportunities for EM waves controlling in full-space [57] .
However, the previous works done dealt with the bi-functional realizations for steering and shaping of EM beams. Alongside this, Lei Zhang et al. proposed a single-band Pancharatnam-Berry (PB) / geometric-phase CM to steer and shape the OAM-VB by controlling the circularly polarized EM waves [51] . It is clear that linear polarization is an important factor to use OAM-VB in many applications for example: optical spanners [58] , quantum optics [59] , spatial mode multiplexing for telecommunications [60] , and astronomy [61] [62] [63] [64] [65] etc.
Therefore, multi-functional dual-band CM for linear polarization still needs to be explored for the generation of flexible, and multiple OAM-VB with different topological charges, independently.
So the work in this paper focuses on the realization of flexible and multiple OAM-VB with different modes at two different frequency bands. Compare to the PB-CM design [51] , here, two different kinds of the phase modulation apertures are closely integrated into one meta-atom, and then use the whole CM aperture to realize the OAM beam independently at dual-band for linear polarization. We combine the normal OAM coding sequence and phase gradient coding sequence to design a new coding sequence of the proposed CM that can operate at two different operating bands independently, i.e., lower ( l f ) and higher ( h f ) bands. By independently designing dynamic / propagation phase distributions, the proposed CM is expected to achieve OAM-VB with different topological charges ( l ) and deflect to opposite half planes. This phenomenon of OAM-VB deflection can be seen in Fig. 1a . We further extend this work to generate OAM-VB shaping and discuss two different scenarios. In the first case, OAM-VB splitting is performed to achieve different topological charges ( l ) in both lower and higher bands, independently. Similarly, quad-beam shaping is realized to verify the proposed concept of this paper. Overall, this OAM-VB shaping task is accomplished by the addition of OAM-phase and splitting phase [39, 48] unit-cells. Finally yet importantly, Fig. 1b illustrates that the reflected beam directions can be further independently controlled to achieve anomalous and retroreflection at two different operating bands. The proposed concept will be crucial in the design of multi-functional meta-devices with multi-spectral features in terahertz and optical regimes.
The rest of the manuscript is organized as follows: Section II presents relevant aspects of the unit-cell design that is important in metasurface formation. The detailed discussion of proposed designs and its various applications are examined in Section III. Section IV concludes the manuscript.
Materials and Methods

Unit-cell design
To start with, we required sixteen quantized reflection phases to achieve the dual-band 2-bit functionality of the proposed CM that obey the binary rule of 
Results and Discussions
Firstly, the concept of super unit-cell is used for various coding sequences to avoid unwanted coupling between different coding particles that are placed adjacently and have different patch sizes. Secondly, the super unit-cell has freedom for the coding sequence to achieve the desired functionalities in different operating bands, independently. As example, here we focus on the generation of OAM-VB in different direction, and to achieve negative, anomalous and retro-reflection, independently. In the following, full-wave simulations are carried out by employing CST, MWS with open add space boundary condition under both normal and obliquely incident xpolarized plane waves.
OAM-VB steering
Although, a series of research has been done for beam steering using MS [39, [41] [42] [43] [66] [67] [68] . To verify the OAM-VB steering feature, the proposed concept of unit-cell (Section 2.1) is adopted.
Overall, the full structure is composed of 32 32  coding particles, where the period of gradient coding sequence is 16 unit-cells under x-polarization incidence for both operating bands. Moreover, the deflection angle for the proposed design in two operating bands can be calculated by Eq. (2).
where  is the wavelength of the incident wave and  is the period of the coding sequence.
For easy to understand, Fig. 3 depicts the coding patterns of proposed design for linearly x-polarized incidence. consists of four segments and the successive phase step from one segment to another is 90  . This kind of rotated phase distribution has tendency to generate OAM-VB of mode 1 l  . In the next step, we add the coding pattern ' 1 M ' of Fig. 3a with the phase gradient coding sequence ' 2 M ' varying along the x-direction (Fig. 3b) . The resultant coding pattern ' 3 M ' can be seen in Fig. 3c that generates the OAM-VB with deflection angle 
OAM-VB shaping
From aforesaid discussion, the deflection of OAM-VB to any direction is achieved by addition of two different coding patterns. Similarly, beam shaping [39, 48] of OAM-VB can be obtained by adding the beam-shaping coding sequence with the coding sequence of normal OAM-VB. In this section, we will again use the convolution operation to realize flexible and multiple OAM-VB for linear-polarization.
For this purpose, firstly we add the OAM-VB coding pattern (Fig. 3a / Fig. 4a ) to the coding pattern of Fig. 4b , which has the tendency to split the reflected waves into two equal beams with the deflection angle of
The newly designed coding pattern can be seen in Fig. 4c , which has the ability to generate two OAM-VB from the same aperture deflected at equal and opposite angles. The simulated results for this scenario are shown in Figs. 4g,h,k,l. Figs. 4g and 4k represent the scattering pattern of 3D and 2D for lower-band with x-polarized incidence, respectively. On the other side, Figs. 4k and 4l represent the scattering pattern of 3D and 2D for higher-band with
x-polarized incidence, respectively.
Moreover, the coding Pattern of OAM-VB (Fig. 3a / Fig. 4d ) is added to the coding pattern of chess board configuration (quad-beam generator) as shown in Fig. 4e . Whereas, in the chess board configuration, the reflected field split into quad-beam. Consequently, the new coding pattern (Fig. 4f) is the addition of quad-beam generator and the OAM-VB that has the ability to generate quad-OAM-VB. The simulated results for this case can be observed in Figs. 4i,j,m−p. Fig. 4i shows the 3D scattering pattern of OAM-VB quad-splitting in the lower-band for x-polarized incident. In which the normalized incident wave creates four different OAM-VB in opposite halfplanes. 2D scattering pattern of OAM-VB quad-beam in lower-band is given when the cut angle 45     (Fig.   4m ) and 45   (Fig. 4n) . Fig. 4j represents the 3D scattering pattern of OAM-VB quad-splitting in the higherband for x-polarized incident. In addition, 2D scattering pattern of OAM-VB quad-splitting in higher-band is given when the cut angle 45     ( Fig. 4o ) and 45   (Fig. 4p) . In all cases, as the direction of phase gradient of the OAM coding sequence in the two operating bands is opposite thus, the topological charge of the realized OAM in the two operating bands have opposite values, i.e., ' 1 l  ' in lower band and ' 
Negative and retro-reflection
All the positive results for the above-described proposed CM in Section 3.1−3.2 point out the fully-control of OAM-VB in different bands, simultaneously. In some scenarios, we need to control the reflected beams to achieve anomalous and retroreflection etc. For this sake, CM provides more flexibility to deflect the reflection or transmission beam in the user defined direction [41] [42] [43] for both normal and oblique incidences. In addition, the retroreflection phenomenon has also been investigated using planar MS [70] in which the angle of reflection is same as the angle of incidence. However, these designs are applicable for predefined functionality and still suffer multi-functional and multi-spectral properties. Similarly, a need still exists to achieve anomalous and retroreflection with oblique incidence of linear polarization.
In general, retroreflection phenomenon can be realized using a bi-layer planar MS; luckily our design is also a bi-layer structure which can be used to realize this important functionality. Here, we are supposed to investigate a CM to achieve anomalous and retroreflection with oblique incidence at different operating bands independently, while the aperture remains unchanged. The proposed CM has the ability to control the co-polarized reflected waves to different angles based on the period and predesign selection of the coding sequences. In this regard, a CM is designed encoded with the off-diagonal elements of the matrix ' 2 bit M  ' with a period of eight coding particles having the coding sequence, 00/11,00/11,01/10,01/10,10/01,10/01,11/00,11/00 00/11,00/11……
The overall size of the design is 32 anomalous, negative and retroreflection for x-polarized oblique incidence. The anomalous reflection in lower-band for a series of incidence angles ranging from 9 to 11 along with the retroreflection in higher-band is achieved. For brevity, here, we show only the results at an incidence of 10 only, whose 3D scattering patterns in the two operating bands can be seen in Figs. 5a and 5c, respectively. The corresponding 2D equivalents can be seen in Figs. 5b and 5d , where a retroreflection in the higher-band can be seen at 10 (Fig. 5d) . Furthermore, the reflected beam direction can be controlled by tuning the incident angle of the x-polarized wave, and in this way negative reflection for a series of oblique incidence angles can be achieved. Here, we show the anomalous reflection realized for incidence angle 7 in lower-band along with the negative reflection in higher-band. 
Conclusion
We presented a reflection-type dual-band 2-bit coding metasurface (CM). We combined the coding sequences of and 2D scattering patterns of negative reflection in the higher-band for x-polarized oblique incidence at 7
  , respectively.
